The calculations presented compare the different performances of the three Monte Carlo codes:
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General Introduction
This report summarizes the results of comparative Monte Carlo simulation work of the energy deposition of a 25 keV electron microbeam in water. 1 The main result of the calculations presented here is a comparison of the total energy deposited within a This report focused on the comparison of energy deposition calculations in a cell of 10 µm in radius and 10 µm thick irradiated with a 25 keV electron microbeam. The calculations were performed with the computer codes PENELOPE, MCNP, PITS. The energy deposition modeling results presented in the paper by Wilson et al. [2] were the starting point of our comparison and collaboration with him. Although the 25 keV electron source is different from the 12.5 keV x-rays source the nature of the problem is similar because the evaluation of the electron transport has an essential and relevant part for both problems and this report represents the starting point for the next computational work on this second source type. A 12.5 keV photon passing through the cell will produce photoelectrons with subsequent secondary production and transport of electrons; before they can be absorbed they continue to produce electrons and electron showers. Both PENELOPE and MCNP codes transport both electrons and photons in different materials, while modules added to the PITS code provide the capability to transport photons and simulate their transport through other material media in addition to water.
The first part (PART I) of this report includes a brief introduction to the most common terminology in the field of microdosimetry and of Monte Carlo electron and photon transport. This part will be illustrative only, rather than exhaustive, and includes a list of some Monte Carlo codes used for general and biological problems and their energy cutoff. Some of these codes were considered initially, but later the focus shifted to PENELOPE, MCNP, PITS because of their availability and applicability to the problem involving small scale dimensions (of the order of 10µm), and transport of small energy electron-photon (source of the order of 10-30keV). This first part also includes a description of the rationale for our focus on computer simulations of biological problems and interpretation of their experimental results, in particular addressing DOE interests.
In the second part (PART II) of the report there are some results from simulations performed on a PC and UNIX workstation employing PENELOPE [c1] and MCNP 4C [c2] : two general purpose
Monte Carlo codes that also track photons and electrons. The main purpose of this section is the comparison of these two general purpose Monte Carlo codes against published results from the Monte Carlo track code PITS [c3, c4] , to test their applicability for dose profiles evaluation and for microdosimetry problems. The relevant quantity used for this initial comparison is the dose, which is a macroscopic quantity, but tallied for a problem in the microscopic space scale and for energies lower than the one used normally for macroscopic problems.
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Finally, the report draws conclusions from, and explains the limitations of this preliminary work, which was necessary in the learning process towards a more detailed microscopic code development. In order to be able to use macroscopic codes such as PENELOPE and MCNP, some modifications to the codes themselves needed to be done in order to score microscopic quantities in an appropriate way. In particular PENELOPE proved to have better results for dose radial profiles, and demonstrated a better applicability to future microdosimetric problems. Future work will concentrate on the development of more specific user-codes in order to consider geometry specification common to the microdosimetric field (subdivided into spheres) and the tally of particular quantities (e.g., frequency-mean specific energy, lineal energy, energy imparted, event frequency spectra) that are related to macroscopic quantities but cannot be drawn directly from them without further simulation development.
PART I Computer simulations for biological problems
Bystander effect of radiation involves the study of the biological response of cells that are not directly traversed by radiation, but are neighbors of irradiated cells. Bystander cells have been shown to respond in a number of ways: with gene induction and/or the production of potential genetic and carcinogenic changes. The mechanisms underlying bystander effects of low-LET (linear energy transfer) radiations delivered at low total doses or dose-rates are unknown [c11, c12] . Such effects could potentially increase the estimates of risk from low dose radiation.
Energetic electrons from low-LET x-or γ-ray exposures traverse many cells before they stop.
Multiple scattering generates subsequent photoelectric effects and a broadening of the energy deposition field. Collimated micro-beams of electrons offer an approach that may allow a more accurate determination of the radiation dose and bystander effects at low doses of low LET radiation.
Few Monte Carlo codes however extend down to the energy range of the electron micro-beams. This manuscript is focused on the goal of estimating dosimetric values for low energy electron < 25 keV micro-beams.
Macroscopic and Microdosimetric calculations
Microdosimetry is defined as the study of energy deposition processes in biological media with particular emphasis on phenomena correlated with the physical aspects of the radiation action on living systems. Important quantities defined in microdosimetry and fully described in ICRU REPORT 36 [1] are: energy imparted E n , specific energy Z, lineal energy Y.
The energy imparted E n to the matter in a volume (scoring volume) is E n = Σ i (E ni ) = Σ i (T i -T out + Q ∆m ) i where E n = summation performed over all energy deposits E ni expressed in terms of joule (J) or eV T in = energy of the incident ionizing particle T out = sum of the energies of all ionizing particles leaving the interaction 5 Q ∆m = changes of the rest mass energy of the atom and all particles involved in the interaction
The specific energy Z is the energy imparted by ionizing radiation to matter of a scoring volume of mass m and it is expressed in terms of joule per kilogram (J kg -1 ) or Gy (1 Gy = 1 J kg -1 ): Z = E n /m.
The lineal energy Y is the energy imparted to matter in a volume by a single energy-deposit event divided by the mean cord length l in that volume and it is expressed in terms of joule per meter (J m -1 ) or in keV µm -1 : Y = E n /l.
In this preliminary work only the macroscopic quantity dose D is computed and presented and expressed in terms of (Gy) and also in (keV/µm 3 ), considering the density to be 1 g cm -3 .
The scoring volumes defined for the PENELOPE and MCNP models (water filled cylindrical shells) did not allow the use of the mean cord length l definition that is applicable for the PITS model (spherical scoring volumes). Also other microdosimetric quantities were not computed. Nevertheless the results of the PITS code included the macroscopic quantity dose D calculated in each sphere in order to define a radial and penetration profile. The dose distributions were obtained from the specific energy Z distributions multiplying the value of Z in each sphere by the probability of that sphere being hit by radiation P hit-i : D i = Z i • P hit-i .
A transfer point T(x,y,z) refers to the geometric position of radiation interactions while the energy deposited locally at this point is also called the energy transfer. The Linear Energy Transfer is the energy deposited locally, in the form of excitation or ionization, per unit path of a charged particle.
The physical description of an ionizing particle is complete when all transfer points and energy transfers are known, and listing of this data constitutes a radiation track. The shape of a radiation track is formed by multiple ionizations, excitations, and elastic scattering events and is highly structured and stochastic.
There are two fundamental mechanisms by which radiation can affect biological cells. One may lead to the breakage of molecules, rupturing their bonds by the ionizing effect of the radiation (direct effect). The second mechanism, again because of excitation, may result in the production of new chemicals, such as the highly reactive oxy (O) and hydroxyl (OH) radicals, which interact chemically within the cell, producing the more important biological effects (indirect effect). The effect of high-LET radiation is greater than low-LET radiation per absorbed dose.
Low-LET radiations produce a non-uniform spectrum of secondary electrons, which are scattered in space and energy. Most of the energy deposited is in the form of sparsely distributed 6 ionizations and excitations. However, as the primary particle loses energy, the increased interaction cross section leads to a higher density of events.
On the contrary, high-ionization densities characterize high-LET radiations. At the cellular level non-uniformities in energy deposition are much greater for high LET events than for low-LET events.
For a given dose approximately the same number of ionizations and excitations will occur for both lowand high-LET events; however, the high-LET events will be more concentrated in space. When compared to the low-LET radiations, the tracks of high-LET radiations are very localized at the scale of the cell nucleus. Due to the greater mass of high-LET particles, ejected secondary electrons have small energies and shorter ranges. A high-LET particle will deposit its energy densely in a small number of targets, even including δ-ray effects. In contrast, low-LET hits are sparsely distributed and characterized by low-energy transfers. The transport of electrons through a liquid water homogeneous medium has been simulated using Monte Carlo transport methodology. The essence of Monte Carlo consists of simulating particle histories using a pseudo-random number generator used to sample probability distributions for particle events (such as, scattering angles, energy transfer, collisions etc.) using cross-sectional data describing such events. Because Monte Carlo methods rely on the result of stochastic events to continue the history, most practical three-dimensional geometries may be modeled easily. Because Monte Carlo tallies are dependent on events occurring within the region of interest, regions in which few events occur yield a statistically poor answer unless a large number of particle histories are run.
Monte Carlo codes for photons and electrons transport
The transport of electrons is dominated by the long-range Coulomb force, resulting in a large number of small interactions that cause a great increase in computational complexity. Traditional
Monte Carlo codes are widely used to calculate macroscopic phenomenon (such as, absorbed dose, flux etc.). Normally, to reduce computing time these codes compute electron events based on condensed histories. A condensed history groups several discrete events together into one event thus reducing the total number of events in the track history. For macroscopic calculations this technique gives good results; however, at the microscopic level this calculation may provide insufficient information on the nature of the particle history. In addition, most practical codes have a lower energy electron cutoff between 1 and 10 keV thus it is believed that they are insufficient tools for stochastic applications in micro-scale geometries.
Among many other Monte Carlo codes, two standard macroscopic codes: PENELOPE [c1] and MCNP [c2] were selected and used for our problem. We expected reasonable results despite the small sizes and energies involved that could have been a problem for general-purpose codes designed for other applications and not specifically for this microdosimetry field where track-structure codes are superior. Some other major codes for the simulation of electrons and other particles in different energy range and for different purposes are listed here for reference: TART97 [c5] , EGS4 [c6, c7] , ETRAN [c8, c9] , ITS [c10, c11] , TIGER [c12] , PTRAN [c13] and presented in Table1. Macroscopic programs mainly use condensed history techniques based on analytic and semi-analytic multiple scattering theories such as the one of Moliere and Goudsmit-Saunderson to transport electrons down to values generally not smaller than 1 keV. The multiple scattering theories implemented in condensed simulation algorithms are only approximate and may lead to systematic errors. The multiple-elastic scattering theory of Moliere (1948) , which is the one used in EGS4-based codes, is not applicable to step lengths shorter than a few times the elastic mean free path. In the next paragraph the algorithm and scattering model used for MCNP and PENELOPE is presented. In general condensed schemes also 8 have difficulties in generating particle tracks in the vicinity of an interface (i.e. a surface separating two media of different compositions). When the particle moves near an interface, the step length must be kept smaller than the minimum distance to the interface, so as to make sure that the step is completely contained in the initial medium (this is not our case since the material is water).
Electron-track codes are very different than commercially available, macroscopic programs and microdosimetry has benefited greatly from the development of these codes that can simulate event-byevent electron interactions (not in a condensed way) down to very low energies. Table1 gives references and general information for some published electron track codes used in microdosimetry and radiobiology; these are PITS [c3, c4] , MOCA8b [c14, c14b] , MOCA14 [c15] , OREC [c16, c17] ,
. Almost all the track structure codes use cross sections based on water in either the vapor or liquid phase. In fact, the classification of an electron track code is based on the phase, condensed or vapor, of the water cross sections. All vapor phase codes scale the density of the water vapor to 1 g/cm 3
as an approximation of liquid water. Reference [5] by Nikjoo summarizes the structure and comparative performance of two liquid and two vapor phase track structure codes. The general agreement between the predominant track codes is quite good for calculations of radial interaction frequencies and radial energy depositions. However, calculations predicting spatial distributions and energy depositions in nanoscale targets show considerable disagreement [5] . The work of Stewart et al. [9] , to examine the microdosimetric properties in water using a test of the PENELOPE code system indicates that PENELOPE may prove particularly useful for applications that involve radiation transport through materials other than water or for applications that are too computationally intensive for event-by-event Monte Carlo, such as in vivo microdosimetry of spatially complex distributions of radioisotopes inside the human body. These authors stated that to their knowledge, PENELOPE is the first widely available, general purpose Monte Carlo code system capable of transporting electrons and positrons in arbitrary media down to such low energies which opens the possibility of using it for microdosimetry.
There are roughly 10 track structure research codes, prevalent in the literature (Table 1) while there are numerous general purpose Monte Carlo codes for radiation transport although only few are indicated in Table 1 . These Monte Carlo codes may differ in the following ways:
1. Cross section data (e.g. number of elements that the code can deal with, way they are used, their origin); 9 2. Physical interpretation and assumptions (e.g. physics of photon interactions, physics of electron transport, energy cutoff, treatments of Auger electron emission, characteristic x-ray emission);
3. Monte Carlo methodology (e.g. event-by-event or condensed history techniques, probability distribution functions, random number generation, and sampling techniques).
Of these topics, the most predominant factor affecting the output of the code is the differences in cross section data. Also very important are the physical assumptions used in determining the mechanics of the electron transport. Monte Carlo track-structure code created ad hoc for a certain problem related to the tracking of photon or electrons by a specific group or by a single researcher. Most important an advantage might be the possibility to have answers for many materials other than water, that can affect the calculations. Also, general codes are more widespread and available to more people from which suggestions and "bug discovery" can be revealed. They are subject to more frequent up-grades and benchmark from the authors and from the users, and due to the interaction of both.
CODE
In this paragraph we outline the main differences of the three codes regarding the characteristic mentioned in the previous paragraph:
1. Cross section data;
Physical interpretation;
3. Monte Carlo methodology.
1. Cross section data include the number of elements that the code can deal with, the way they are used and the origin of these data. To meet the possibility to use the code in all situations, generalpurpose Monte Carlo codes have the possibility to deal with all elements or most of them, while track codes are in general designed to deal with a limited number of elements or only water. Of course microscopic codes can also deal with more materials, and can be extended in applicability to other fields but only after some work.
PITS, as for most existing Monte Carlo codes, is for water vapor adjusted to density of 1 g cm -1 and does not include the elemental composition of tissue. Interaction cross sections are known to be different for liquid water but they are less well-established and less open to experimental measurements.
In MCNP there are two electron interaction data libraries (el03 and el01) that contain data on an element-by-element basis for atomic numbers Z=1-94.
analytical differential cross sections. Using analytical formulas to get cross sections data contributed to speed up the calculations. 
Monte Carlo methodology.
Codes like PITS deal with event-by-event simulations using a detailed-history Monte Carlo method and track electrons down to 10 eV. In particular calculations were performed with the delta-ray transport module of the PITS set of radiation simulation codes. The delta-ray source-term energy was set to the desired mono-energetic beta-ray energy (25 keV). The delta-ray transport module is an eventby-event, detailed-histories Monte Carlo simulation of non-relativistic electron slowing down in unitdensity water, based on measured cross-sections for electron scattering from water molecules. [c3, c4] Goudsmit-Saunderson for angular deflections, the Landau theory of energy-loss fluctuations and the Blunck-Leisegang enhancements of the Landau theory. These theories rely on a variety of approximations, and don't solve the entire transport problem. In particular, it is assumed that the energy loss is small compared to the kinetic energy of the electron. In order to follow an electron through a significant energy loss, it is necessary to break the electron's path into many steps. These steps are chosen to be long enough to encompass many collisions (so that multiple-scattering theories are valid) but short enough that the mean energy loss in any one step is small (so that the approximations necessary for the multiple-scattering theories are satisfied). The energy loss and angular deflection of the electron during each of the steps can then be sampled from probability distributions based on the appropriate multiple scattering theories. This collection of the effects of many individual collisions into single steps that are sampled probabilistically constitutes the "condensed history" Monte Carlo method.
The electron physics in MCNP is essentially that of the Integrated TIGER Series [c12] , which is based on the condensed history method of the ETRAN series of electron/photon transport codes [c8, c9] . With MCNP-4C the MCNP *F8 tally has been used in order to calculate the energy deposited in a cell. The *F8 tally is the difference between the energy carried into and out of the cell by particles.
Dividing the net energy deposited in the cell by the mass of the cell, the average dose in the cell (called D and measured in Gy) is, by definition, obtained. If one divides large cell (cylinders of 10µm radius and height) into tally segments (spheres of 1µm diameter) these become small compared to the major steps and sub-steps that the code uses for the condensed-history transport of electrons. In such a case the results in the cell may be wrong and even the macroscopic transport may be affected. The problem originates from the fact that electron tracks are interrupted at cell boundaries and certain approximations are made for crossing these boundaries. For these smaller geometries it was necessary to introduce a factor (ESTEP) to reduce the length of electron sub-step. [c2 pag.2-63, 3-108] PENELOPE on the other hand uses an algorithm that incorporates a scattering model that combines numerical total cross sections (or stopping cross sections) with simple analytical differential cross sections for the different interaction mechanisms. Individual interaction events are simulated by means of purely analytical, exact sampling methods, so that the structure of the simulation code is very simple. For electron transport PENELOPE implements a "mixed" simulation scheme, which combines the detailed simulation of hard events where the value of the scattering angle and energy loss are large 13 (i.e. events with polar scattering angle O or energy loss W larger than previously selected cutoff values
Os and Wc) with condensed simulation of soft events (i.e. in which O<Os or W<Wc).
With PENELOPE it is necessary to adjust to the small geometries (if compared with macroscopic problems) varying the value of DSMAX that defines the maximum allowed electron step length. When the particle moves in a thin body like the cell of our case the DSMAX was given a value of the order of one tenth of the 'thickness' of that body (0.1µm= 1/10 of layer thickness). Normally (as Default), for relatively thick bodies (e.g. thicker than 10 times the mean free path between hard interactions), the step length control is switched off by setting DSMAX to a large value (DSMAX=1.0•10 35 ).
PART II

Setup with the 3 codes
The geometrical model in the Monte Carlo simulations is a cylinder centered on the z-axis as presented in Figures 1.1 and 1.2 with both Radial and Vertical view. The cylindrical volume is 9µm
deep with a radius of 10µm made of water; this would allow a direct comparison with the results of the PITS code [2] .
The cylinder has 9 layers (defined by XY planes), each 1µm height for a total cylinder thickness of 9µm. Inside the cylinder with outer radius R out of 10µm there are several other cylinders with the same Z axis and thickness of 9µm but with different diameters that define the zones or scoring volumes of the cell. Since the sizes of the zones of the cell are different, in order to obtain the dose profiles, it is necessary to normalize the energy deposited in each zone dividing it by its volume or mass as explained later in the following sections.
This cylindrical geometry was considered a good model for a generic cell and it is very useful to score depth and radial profiles for dose, from a pencil beam. Such geometry is also essential to compare PENELOPE and MCNP result with those obtained with the track code PITS.
The source is a 25 keV electron micro-beam pointing, along the z-axis, toward the cylinder.
Several cases and models -listed in Table2-were studied in order to learn and to evaluate the performance of the PENELOPE and MCNP codes especially comparing it to the PITS code. Only the more significant cases are explained in more details and their results plotted.
Two The PITS geometrical scoring volume model is slightly different from the one described although the set of results data provided courtesy of the author (Walt Wilson) can be compared to the one from the PENELOPE and MCNP codes. In PITS the Energy Deposited is evaluated inside spheres of 0.5µm radius (scoring volumes) within the cylindrical volume that has 10µm radius and 9µm deep.
In conclusion the simulation geometrical model is essentially the same for all three codes although PITS uses a different spherical scoring geometry internal of the cell instead of water filled cylindrical shells used for the other codes. An important advantage of cylindrical cell geometry with scoring volumes with the shape of water filled cylindrical shells is its improved "computer-time efficiency" if compared to spherical internal volumes. This is because some of the transfer points and energy transfer that constitute a radiation track may actually fall in the space between spheres, so outside the spherical scoring volume. Of course for a very large amount of histories (or tracks) computed this would not affect the results. The disadvantage of such geometrical scoring volumes is their bigger size, compared to the spherical zones used for PITS, especially for large values of the outer radius R out ; this would allow an "easier" comparison and doesn't require the detailed information of the spherical model, which is normally used to score microdosimetric quantities. With MCNP the Energy Distribution or *F8 tally, expressed in (MeV/particle), was scored and divided by the volume (cm 3 ) of each scoring zone (Table 4 ) in order to match with PENELOPE results.
The results are than transformed in both D((Gy)/particle) and D*((keV/µm 3 )/particle) unit. In earlier MCNP models the scoring cylinders had height H=1µm and their radius Rout(i) was 1µm off one from the other (defining zones so that R out(i+1) -R out(i) = 1µm). Later the number of cylinders has been increased in defining zones so that R out(i+1) -R out(i) = 0.2µm keeping H=1µm so that the volumes of each zones of the cell (Table4) are in a better agreement with the number and sizes of scoring volumes of the PENELOPE simulations (Table 3 ). The increase in the number of scoring volumes in MCNP was made in order to have a possible better comparison with the PENELOPE and PITS results especially for radial distances from 0-5µm were bigger differences were outlined even in earlier cases. Table4: Outer Radius R out , Surface S, Volume Vol to be considered to convert D(r) MCNP results.
The scoring volume for the PITS code is always constant and equal to the volume of a sphere with diameter equal to 2R=1µm.
The PITS scoring volume is smaller, if compared to the one adopted for PENELOPE and MCNP, for R out >0.5 µm allowing more detailed information in the region of the cell with Rout from 0.5 to10 µm.
For cell radial dimensions from 0 to 0.5µm the PENELOPE and MCNP scoring volume is smaller.
The Radial-Dose Function was scored for all cases in each layer. present the dose in different units as function of radial distance within each layer from layer1 to layer9.
The results data of the 3 codes PENELOPE, MCNP, PITS are compared for the following cases: were created to identify an optimal and suggested use of these parameters for microdosimetric problems. However, the disagreement in data is still big for certain regions of the cell model.
More information on these parameters and effects on simulations are presented in the sections called: "PENELOPE and MCNP simulations varying some parameters".
4.
Size and number of scoring volumes. In earlier MCNP models the scoring cylinders had a much bigger volume if compared to those of PENELOPE. Although this would not be the actual cause of the disagreement between the codes, smaller volumes, with the consequent increase in number of volumes, were considered for later models allowing an even closer similarity with PENELOPE.
5.
Tally segmentation is used to subdivide a cell into segments for tallying purpose only. This feature is not applicable for the *f8 tally used in MCNP-4C. The homogeneous phantom had to be subdivided in cells, also called scoring volumes, to calculate the distribution of dose: this was elaborate and may have brought some problems because of small errors introduced during radiation boundary crossing. The repeated interruptions of the electron track at the cell boundaries may happen even in an homogeneous media [9] and this is supposed to significantly 20 affect the electron transport, although no mention of this is explained in the MCNP -4C manual.
So far the disagreement between the MCNP values against those of PENELOPE and PITS in some regions was not eliminated, but only slightly reduced considering the above points (in particular 2, 3, 4) . It is possible to believe that the modification for tally segmentation that has been carried out in 1, 4.2, 4.3 and Figures 6.1, 6.2, 6.3 . In these cases the energy deposited is divided by the mass or by the volume.
With PENELOPE the depth-dose function D(x) is expressed in D((keV/µm)/particle) vs.
x(depth, µm). With MCNP the Energy Distribution or *F8 tally, expressed in (MeV/particle), was scored and divided by the total thickness of the layer (cm) of each zone in order to match with PENELOPE results.
The results are than transformed into the D(keV/µm)/particle) vs. x(depth, µm) unit. 
3-D plot of the dose distributions
PENELOPE simulations varying some parameters
The PENELOPE code has been used varying some of the simulations parameters: Energy Cutoff, C1, C2, WCC, WCR, DSMAX.
The Energy Cutoff for this problem has been changed in the INPUT file in two different set of cases using 100 eV or 1 keV for electrons. The 1 keV value has been selected to see the effect of the energy cutoff compared to the 100 eV value and to find a better comparison with the MCNP code that has an electron Energy Cutoff of 1keV.
The input parameter C1 is the average angular deflection produced by multiple elastic scattering along a path length equal to the mean free path between hard elastic events. The maximum maximum allowed value is 0.2, with a minimum value of 0 , and normally a value of the order of 0.01 is adequate.
The input parameter C2 is the maximum average fractional energy loss between consecutive hard elastic events. The maximum C2 value allowed is 0.1, with a minimum value of 0 , and normally a value of the order of 0.01 is adequate.
The input parameter WCC is the cutoff energy loss (in eV) for hard inelastic collisions while WCR is the cutoff energy loss (in eV) for hard Bremsstrahlung emission.
The values of WCC and WCR are both set to be 100eV in all simulations performed.
These parameters determine the accuracy and speed of the simulation. To ensure accuracy, C1 and C2 should have small values (of the order of 0.01 or so). With larger values of C1 and C2 the simulation gets faster, at the expense of a certain loss in accuracy. The cutoff energies WCC and WCR mainly influence the simulated energy distributions. The simulation speeds up by using larger cutoff energies, but if these are too large, the simulated energy distributions may be somewhat distorted.
p7]
To change the value of DSMAX it is necessary to modify the user-code that needs to be compiled and linked to PENELOPE.for file: the user-code PENRICO.for has a DSMAX=10 35 while PEN.for has a DSMAX=0.1.
The input parameter DSMAX defines the maximum allowed step length for electrons/positrons; for photons, it has no effect. To limit the step length, PENELOPE places delta interactions along the particle track. These are fictitious interactions that do not alter the physical state of the particle. Their only effect is to interrupt the sequence of simulation operations (which requires altering the values of inner control variables to permit resuming the simulation in a consistent way). The combined effect of the soft interactions that occur along the step preceding the delta interaction is simulated by the usual random-hinge method. Owing to the Markovian nature of hard interactions, the introduction of delta interactions does not alter the distribution of path lengths between consecutive hard events. To ensure the reliability of the mixed simulation algorithm, the number of artificial soft events per particle track in each body should be larger than 10. For relatively thick bodies (say, thicker than 10 times the mean free path between hard interactions), this condition is automatically satisfied. In this case we can switch off the step length control by setting DSMAX=1.0 35 (large value). On the other hand, when the particle moves in a thin body, DSMAX should be given a value of the order of one tenth of the thickness of that 
MCNP simulations varying some parameters
The MCNP code has been used varying the ESTEP parameter and trying different electron library.
The electron library contains data on an element-by-element basis for atomic numbers Z=1-94 and there is no distinction between isotopes for a given element. The library data contain energies for tabulation, radioactive stopping power parameters, Bremsstrahlung production cross sections, Bremsstrahlung energy distributions, K-edge energies, Auger electron production energies, parameters for the evaluation of the Goudsmit-Saunderson theory for angular deflections based on the Riley cross section calculation, and Mott correction factors to the Rutherford cross sections also used in the Goudsmit-Saunderson theory.
The el03 database also includes the atomic data of Carlson used in the density effect calculation.
Internally, calculated data are electron stopping powers and ranges, K x-ray production probabilities, knock-on probabilities, Bremsstrahlung angular distributions, and the Landau-Blunck-Leisegang theory of energy-loss fluctuations. The el03 evaluation is derived from the ITS3.0 code system. [c10, c11] ESTEP causes the number of electron sub-steps per energy step to be increased for the material.
The condensed random walk for electrons is structured in terms of major steps or energy steps. The representation of the electron's trajectory as the result of many small steps will be more accurate if the angular deflections are also required to be small. Therefore, the MCNP codes further break the electron steps into smaller sub-steps. A major step of path length s is divided into m substeps, each of path length s/m. Angular deflections and the production of secondary particles are sampled at the level of these sub-steps. First of all it must be noticed that, although the overall cylindrical cell model is equivalent for the three codes, the internal scoring geometry is different: (water filled cylindrical shells for PENELOPE and MCNP, while spheres for PITS); this doesn't allow an exact and fair comparison between the codes.
3-D plot of the track simulation using MCNP
As mentioned in PART II the evaluated dose is still a macroscopic quantity and the profiles of the radial dose distribution show data points that are single dose values for each particular radial zone.
These values are only integrals and therefore not enough information will assure that at the microscopic level the values are still comparable. In particular the energy spectra might have different shapes and peaks, even if the corresponding area underneath is equivalent or very close.
Nevertheless this preliminary work has been important because it demonstrate that codes like PENELOPE can be used for dose evaluation even with such small sizes and energies involved which are far below the normal use for which the code was created.
Microdosimetry is a field where track-structure codes are believed to be superior. If generalpurpose Monte Carlo codes with a mixed algorithm like PENELOPE can prove to provide valid answers, using them can draw several advantages as explained in more details in PART I and here summarized:
1) easier and generally free availability;
2) normally it's more user-friendly, especially if compared with a code created ad hoc for a specific problem;
3) possibility to have answers for many materials other than water 4) more widespread (suggestions and "bug discovery") 5) more frequent up-grades and benchmark from the authors and from the users and thanks to the interaction of both.
For this application PENELOPE appeared to be faster than PITS and MCNP thanks to the mixed simulation algorithm and to the combination of numerical total cross sections (or stopping cross sections) with simple analytical formulas to get, in a much faster way, the cross sections data. Also PITS simulations took hundreds of hours of computer time while meaningful results were obtained with PENELOPE in less than an hour calculations, and with MCNP a few hours' calculation time.
In conclusion from the simulations performed it turns out that PENELOPE, in particular, has an overall very good response, and it compares well with PITS if only the overall dose values are considered for this application.
FUTURE DIRECTIONS
The study presented here has stimulated our interest in pursuing the work further. Several collaborators have also expressed interest in working with us. Listed below are an indication of some of the future tasks we have outlined for completion: Figures 2.1, 2.2, 2. 3: 3-D plot of the track simulation (from MCNP output). 
